ABSTRACT: Human DNA polymerase β (polβ) inserts, albeit slowly, T opposite the carcinogenic lesion O6-methylguanine (O6MeG) ∼30-fold more frequently than C. To gain insight into this promutagenic process, we solved four ternary structures of polβ with an incoming dCTP or dTTP analogue base-paired with O6MeG in the presence of active-site Mg 2+ or Mn 2+ . The Mg
■ INTRODUCTION
Although O6-methylguanine (O6MeG) is a minor component of methylated DNA lesions produced by various endogenous (e.g., S-adenosylmethionine) and exogenous (e.g., N-methyl-Nnitrosourea) alkylating agents, 1−5 it is a highly mutagenic lesion. The genotoxic O6MeG lesion is also generated by anticancer methylating agents such as temozolomide and is believed to be responsible for the cytotoxicity of various methylating anticancer agents. O6MeG is directly repaired in an error-free manner by a sacrificial protein called methylguanine methyltransferase (MGMT). 6 If not repaired by MGMT, the persistent O6MeG in templating DNA causes G to A transition mutations. 2, 7 Since MGMT activity is impaired in many cancer cells, the treatment of such cells with methylating anticancer agents can promote the formation of O6MeG·T mismatch, which can trigger a futile cytotoxic repair by the mismatch repair system (MMR). 8, 9 Cells deficient in MMR are resistant to the cytotoxicity induced by temozolomide-mediated methylation. In MMR-deficient cells thymine in O6MeG·T mismatch can be removed by thymine DNA glycosylase and methyl-CpG-binding domain protein 4, 10−13 and the resulting abasic sites can be further processed by downstream base-excision repair (BER) proteins such as DNA polymerase β (polβ). 14, 15 Therefore, elucidating the mechanism of the replication across O6MeG by polβ could potentially further our understanding of the mutagenicity and the cytotoxicity of O6MeG.
The X-family DNA polymerase polβ is a short-nucleotidegap filling BER enzyme 16 and has been shown to replicate across O6MeG in vitro. 14, 15 Polβ is mutated and overexpressed in many cancer cells 17 and has been implicated to play a role in resistance to various anticancer agents such as cisplatin, bleomycin, and methylating agents. 18, 19 Inhibition of polβ has been shown to sensitize temozolomide activity, 19−21 implicating polβ's potential role in the repair of temozolomide-induced DNA lesions.
The O6MeG mutagenicity mainly results from the preferential incorporation of T opposite templating O6MeG by DNA polymerases. 1,22−24 Although thermodynamic and NMR studies on duplex DNA indicate that O6MeG·C base pair is more stable than O6MeG·T base pair (Figure 1 ), 25−29 many DNA polymerases preferentially insert T over C opposite O6MeG. 24,30−33 For example, the Y-family DNA polymerase polι and replicative DNA polymerases such as T7 DNA polymerase and Bacillus stearothermophilus DNA polymerase I fragment (BF) incorporate T opposite O6MeG with insertion efficiency ∼10-fold greater than that for C. In addition, the Xfamily DNA polymerase polβ inserts T opposite O6MeG ∼30-fold more efficiently than C in vitro, while the rate of replication across the lesion is decreased ∼100-fold. 15 Currently, although structures of various DNA polymerases in complex with O6MeG-containing DNA have provided important insights into the mutagenic potential of O6MeG, 22, 30, 33 the structural basis underlying the observed preferential misincorporation of T opposite O6MeG by several DNA polymerases remains elusive. For example, X-ray structures of BF have shown that structural differences among BF ternary complexes bearing the newly incorporated O6MeG·dCTP and O6MeG·dTTP base pairs are not prominent, with both O6MeG·C and O6MeG·T forming isosteric Watson−Crick-type base pairings in the confines of the BF active site. 30 To gain deeper insight into the mutagenic replication across O6MeG conducted by several DNA polymerases, we solved X-ray structures of O6MeG-containing DNA bound to polβ, which highly inaccurately replicates across O6MeG. Herein, we report five X-ray structures of polβ bound to O6MeG-containing DNA, representing varying stages of nucleotide insertion opposite O6MeG; a binary structure with a single-nucleotide gap opposite O6MeG and four ternary structures with an incoming dCTP or dTTP analogue paired with O6MeG in the presence of active-site Mg 2+ or Mn 2+ . In addition, to evaluate the effects of the active-site metal ion on the polβ catalysis, we have determined steady-state kinetic parameters for the insertion of dCTP/dTTP opposite templating O6MeG by the enzyme in the presence of Mg 2+ or Mn 2+ . Our X-ray structures reveal that polβ slows nucleotide incorporation opposite O6MeG by inducing an altered conformation suboptimal for catalysis and that polβ discriminates O6MeG·T against O6MeG·C in the nascent base-pair binding pocket. Our structural studies not only provide the basis for the promutagenic replication across O6MeG by polβ but also provide new insights into the replication fidelity of polβ.
■ EXPERIMENTAL SECTION
DNA Sequences Used for X-ray Crystallographic Studies. All oligonucleotides used for crystallographic studies were purchased from Midland Certified Reagent Company (Midland, TX). The DNA sequence for template DNA is 5′-CCGAC(O6MeG)TCGCATCAGC-3′. The DNA sequence for upstream primer is 5′-GCTGATGCGA-3′, and the sequence for the downstream primer is 5′-phosphate/ GTCGG-3′. 34 Cocrystallization of polβ:DNA Binary and Ternary Complexes. Polβ was expressed and purified as described previously. 35 Polβ binary complex with a single-nucleotide gap opposite templating O6MeG was prepared using the same conditions described previously. 35 Polβ ternary complex was prepared by adding nonhydrolyzable dCMPNPP or dTMPNPP (5.0 mM, Jena Biosciences) to the mixture of the polβ gapped binary complex. Polβ ternary complex crystals with nonhydrolyzable dCMPNPP or dTMPNPP opposite templating O6MeG were grown over 2−4 weeks in a buffer solution containing 50 mM imidazole, pH 7.5, 14%−23% PEG3400, and 350 mM NaOAc. 35 The polβ binary and ternary complex crystals were cryo-protected with 12% ethylene glycol and flashfrozen in liquid nitrogen. Diffraction data were collected at the beamline 5.0.3 at the Advanced Light Source, Lawrence Berkeley National Laboratory and were processed using the HK-2000 program. The polβ gapped binary complex structure and the ternary complex structures were solved by molecular replacement 36 using published binary (PDB ID 1BPX) and ternary (PDB ID 1BPY) structures as the search models, respectively. 37 The model building and structure refinement were conducted using COOT, 38 Phenix, 39 and MolProbity, 40 and all the crystallographic figures were generated using PyMOL. Steady-State Kinetics of Nucleotide Incorporation Opposite Templating O6MeG by polβ. Steady-state kinetic parameters for nucleotide incorporation opposite O6MeG by polβ were determined as described. 41 Oligonucleotides used for kinetic assays (primer, 5′-FAM/CTGCAGCTGATGCG-3′; downstream primer, 5′-phosphate/CGTACGGATCCCCGG-GTAC-3′; and template, 5′-GTACCCGGGGATCCGTACG (O6MeG)CGCATCAGCGCAG-3′) were purchased from Midland Certified Reagent Company.
DNA substrate containing a single-nucleotide gap opposite templating O6MeG was prepared by annealing the template oligonucleotide with the upstream and the downstream primers at 95°C for 3 min followed by slow cooling to room temperature. Polymerase activities were determined using the reaction mixture containing 50 mM Tris-HCl pH 7.4, 100 mM KCl, 5 mM MgCl 2 or MnCl 2 , 80 nM single-nucleotide gapped , nucleotide insertion efficiency for T opposite O6MeG is ∼20-fold higher than that for C opposite O6MeG, and ∼300-fold lower than that for C opposite G. In the presence of Mn 2+ , the insertion efficiency for T opposite O6MeG is ∼100-fold higher than that for C opposite O6MeG, and ∼30-fold lower than that for C opposite G. Substituting Mn 2+ for Mg 2+ increases the C and T insertion efficiencies ∼2-fold and ∼10-fold, respectively.
Binary Structure of polβ Bound to DNA Containing a Single-Nucleotide Gap Opposite O6MeG. We determined a binary complex structure of polβ bound to DNA containing a single-nucleotide gap opposite O6MeG (A and B of Figure 2 ). The O6MeG gapped binary structure was solved by molecular replacement using a published gapped structure (PDB ID 1BPX), and refined to 2.4 Å resolution ( Table 2 ). The overall structure is similar to that of the published gapped binary Comparison of the O6MeG gapped structure with published G gapped structure 35 (PDB ID 1BPX) shows a minor conformational difference in templating base and primer terminus base pair ( Figure 2E ). O6MeG adopts an anti base conformation ( Figures 2C and 2D ). Tyr271 is H-bonded to N2 of O6MeG. The α-Helix N containing Asn279 and Arg283, the minorgroove recognition motifs, is in an open conformation.
Ternary Structure of polβ Inserting a dCTP Analogue Opposite O6MeG in the Presence of Mg 2+ . To gain structural insight into how polβ performs accurate replication across O6MeG, we determined a ternary structure of polβ incorporating a dCTP analogue opposite templating O6MeG in the presence of active-site Mg 2+ (A and B of Figure 3 ). Nonhydrolyzable dCMPNPP (dCTP* hereafter) was used because it retains binding affinity with polβ, 42 while preventing the nucleotidyl transfer catalyzed by the enzyme. The O6MeG· C−Mg 2+ ternary structure was refined to 2.3 Å resolution ( Figure 3A ). Since all published ternary structures of polβ with base pair mismatch involve either active-site Mn 2+ or mutations in the minor-groove recognition motif (Arg283Lys), 42−46 our structure represents the first structure of wild-type polβ with base pair mismatch and active-site Mg Polβ ternary structure with an open protein conformation has only been observed with the enzyme with Arg283Lys mutation, and has not been observed with the wild-type enzyme. 44, 45 Published polβ ternary structures with the wild-type enzyme show a closed protein conformation for correct insertion and an intermediate protein conformation for incorrect insertion. The O6MeG·C−Mg 2+ ternary structure most likely represents a ground-state conformation, 47 which is suboptimal for nucleotidyl transfer reaction. Apparently, this ternary structure has not reached a catalytically competent state. The distance between the 3′-OH of the primer terminus and the Pα of dCTP* is ∼2.6 Å longer than the distance typically observed for correct insertion (6.0 vs ∼3.4 Å). 35 The α-helix N-containing minorgroove recognition motifs, which typically move ∼10 Å toward a nascent base pair for correct insertion, have not moved from the positions observed in the O6MeG gapped binary complex structure with an open conformation ( Figure 3B ). 35 Overall, the O6MeG·C−Mg 2+ ternary complex does not adopt a catalytically competent conformation, which is consistent with the observed slow dCTP insertion opposite O6MeG in the presence of Mg 2+ ( Table 1 ). The O6MeG·C−Mg 2+ ternary complex structure explains why accurate replication across O6MeG is greatly inhibited by polβ ( Table 1 ). The structure reveals that polβ slows the accurate replication across O6MeG by inducing a novel catalytically incompetent conformation. First, polβ prevents dCTP incorporation opposite O6MeG by inducing an open protein conformation rather than a closed conformation required for chemistry. Second, polβ deters the dCTP incorporation by inducing a staggered O6MeG·C base pair conformation, which lacks H-bonding and base-stacking interactions typically observed for the correct insertion ( Figures  3A and 3C ). The staggered base pair conformation has been observed with polβ ternary structures with base pair mismatch. Last, polβ precludes dCTP incorporation opposite O6MeG by altering the coordination state of the active-site metal ions. The O6MeG·C−Mg 2+ ternary structure shows only one active-site metal ion, 43 rather than the two active-site metal ions required for catalysis. Furthermore, the coordination sphere of the nucleotide-binding metal ion is only partially completed. Taken together, the combined effects of the open protein conformation, staggered base pair, and one active-site metal ion greatly distort the active-site conformation, thereby hampering the incorporation of dCTP opposite O6MeG by polβ.
The active-site structure of the O6MeG·C−Mg 2+ ternary complex is very different from that of published ternary complex 42 with C·A mismatch and active-site Mn 2+ ( Figure 3F , RMSD = 1.565 Å). These structures differ in the conformations of protein and DNA, the number of active-site metal ions, and position of incoming nucleotide. The distance between the O3 of primer terminus and the Pα of incoming nucleotide for the O6MeG·C−Mg 2+ structure is 2.7 Å longer than that for the C· A−Mn 2+ structure (E and F of Figure 3 ). In addition, the distance between the C1′ of primer terminus and the C1′ of incoming nucleotide for the O6MeG·C−Mg 2+ structure is ∼4.0 Å longer than that for the C·A−Mn 2+ structure. In stark contrast, the active-site structure of the O6MeG·C−Mg 2+ ternary complex with Arg283Lys mutation 43 (RMSD = 0.274 Å, Figure 3G ), which was introduced to capture polβ ternary structure with an open protein conformation. A minor structural difference between the wild-type polβ:O6MeG·C− Mg 2+ and the Arg283Lys polβ:G·A−Mg 2+ complexes is the presence/absence of Asn279-mediated minor-groove edge recognition of incoming nucleotide (3.0 vs 4.8 Å, Figure 3G ). The structural similarity among the O6MeG gapped binary, the O6MeG·C−Mg 2+ ternary, and the Arg283Lys polβ:G·A−Mg Ternary Structure of polβ Inserting a dTTP Analogue Opposite O6MeG in the Presence of Mg 2+ . To gain structural insight into the highly promutagenic replication across O6MeG by polβ, we solved a ternary structure of polβ with an incoming nonhydrolyzable dTMPNPP (dTTP* hereafter) paired with O6MeG in the presence of active-site Mg 2+ . The X-ray structure of the O6MeG·T−Mg 2+ ternary complex was solved to 2.3 Å resolution. The overall structure of the O6MeG·T−Mg 2+ ternary complex is essentially identical to that of the O6MeG·C−Mg 2+ ternary complex, with assuming an open protein conformation, a staggered base pair, and one active-site metal ion (A−C of Figure 4) . Therefore, the O6MeG·T−Mg 2+ ternary structure most likely represents a ground-state conformation, which is suboptimal for polymerase reaction.
Comparison of the O6MeG·C/T−Mg 2+ ternary structures suggests that a water-mediated H-bond network may contribute the promutagenic replication of O6MeG by the enzyme ( Figure  4D ). Since both the O6MeG·C−Mg 2+ and the O6MeG·T− Mg 2+ ternary complexes adopt a staggered base pair, the preferential T insertion opposite O6MeG by the enzyme is unlikely, due to a difference in base pairing stabilities of their ground-state structures. Interestingly, the distance between O3′ of the primer terminus and Pα of the incoming nucleotide seen in the O6MeG·T−Mg 2+ ternary structure (3.7 Å, Figure 4C ) is 2.3 Å shorter than that seen in the O6MeG·C−Mg 2+ ternary structure, indicating that the O6MeG·T−Mg 2+ ternary complex adopts more favorable conformation for nucleotidyl transfer than the O6MeG·C−Mg 2+ ternary complex. The favorable conformation of the O6MeG·T−Mg 2+ ternary complex appears to be triggered by a water-mediated H-bond network present in the O6MeG·T−Mg 2+ ternary structure ( Figure 4D ), but not in the O6MeG·C−Mg 2+ ternary structure. More specifically, in the active site of the O6MeG·T−Mg 2+ ternary complex, an ordered water molecule is H-bonded to Asp190, Asp256, and primer terminus 3′-OH, which is reminiscent of the catalytic metal ion's coordination with Asp190, Asp192, Asp256, primer terminus 3′-OH, and Pα of an incoming nucleotide. This water-mediated H-bond network brings the 3′-OH of the primer terminus closer to the Pα of the incoming nucleotide with a distance comparable to that observed in ternary structures with correct insertion (3.7 vs ∼3.4 Å). To reach a catalytically competent state, the O6MeG·T−Mg 2+ complex would thus require a conformational reorganization of the protein to a lesser extent than the O6MeG·C−Mg 2+ complex.
In other words, the O6MeG·T−Mg 2+ complex will have a lower energy barrier for chemistry than the O6MeG·C−Mg 2+ complex, resulting in faster T insertion opposite O6MeG relative to C insertion opposite O6MeG. The O6MeG·C−Mn 2+ ternary structure was refined to 2.25 Å ( Figure 5 ).
The O6MeG·C−Mn 2+ ternary structure indicates that, even in the presence of Mn 2+ , polβ strongly discourages the accurate replication across O6MeG by inducing a catalytically imcompetent conformation ( Figure 5A ). The active-site of the O6MeG·C−Mn 2+ ternary structure is significantly different from those of published polβ ternary structures with base pair mismatch and active-site Mn 2+ ( Figure S1in SI) . Whereas published structures with C·A or A·G mismatch show a partially (Table 1 ). The distance between the O3′ of primer terminus and the Pα of incoming nucleotide in the O6MeG·C−Mn 2+ structure is ∼1.6 Å longer than that observed in polβ structure with correct insertion. In addition, the catalytic metal ion is not coordinated to catalytic Asp256 (4.5 Å) and is weakly coordinated to the primer terminus 3′-OH (3.1 Å) ( Figure 5C ). Molecular dynamics studies 47 have suggested that the reaction pathway for polβ-catalyzed misincorporation involves an open-to-closed conformational change of protein and proton transfer from primer O3′-H to Asp256. Recent computational and structural studies 44 with Asp256Glu polβ support that proton transfer from primer O3′ to nearby Asp256 is important for catalysis. . The O6MeG·T−Mn 2+ ternary structure was solved to 2.56 Å (Figure 6 ).
Remarkably, unlike the O6MeG·C−Mn 2+ ternary complex, the O6MeG·T−Mn 2+ ternary complex shows a catalytically competent state with a closed protein conformation, Watson− Crick-like base pair, and the two active-site metal ions (A and B of Figure 6 ), which have not been observed in any published polβ structures with base pair mismatch. The overall structure of the O6MeG·T−Mn 2+ ternary complex is essentially identical to that of published A·U−Mg 2+ ternary complex 41 (PDB ID 2FMS, RMSD = 0.270 Å, Figure 6F and Figure S2 in SI). The O6MeG·T−Mn 2+ ternary structure shows the signature conformational reorganization of a closed polβ conformation, where α-helix N shifts ∼10 Å toward a nascent base pair ( Figure 6B ). O6MeG forms coplanar pseudo-Watson−Crick base pairing with dTTP* by forming two H-bonds; N1 and N2 of O6MeG are H-bonded to N3 and O2 of dTTP*, respectively ( Figure 6C ). Unlike the O6MeG·T−Mg 2+ and the O6MeG·C− Mn 2+ ternary structures, the O6MeG·T−Mn 2+ ternary structure shows completion of the coordination spheres of the both metal ions ( Figure 6D ). The distance between Pα of dTTP* and O3′ of primer terminus is 3.7 Å, which is comparable to that for correct insertion (∼3.4 Å).
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Whereas the O6MeG·T−Mn 2+ ternary complex and recently published G·A−Mn 2+ ternary complex 55 are found to be similar in overall structure (PDB ID 4LVS, RMSD = 0.655 Å), the active-site conformations of protein and DNA in both complexes are quite different ( Figure 6E and Figure S3 in SI). Our O6MeG·T−Mn 2+ structure shows a ∼2 Å shift of both α-helix N and the template strand bases and a ∼4 Å shift of the phosphate backbone of template strand from their positions observed in the G·A−Mn 2+ structure. Published G·A−Mn 2+ mismatched structure shows that the nascent dG·dATP base pair forms a buckled conformation (κ angle = ∼140°) and lacks the minor-groove edge interactions with Asn279 and Arg283. In addition, the primer terminus 3′-OH is not coordinated to the catalytic metal ion (4.8 Å), is distant from Pα of the incoming nucleotide (4.7 Å), and is suboptimally positioned for in-line nucleophilic attack on the Pα. In stark contrast, our O6MeG·T−Mn 2+ mismatched structure shows protein and DNA conformations that are nearly indistinguishable from those observed in published A·U−Mg 2+ complexes provides insights into the observed kinetic differences among the O6MeG complexes (Table 1 ). In the case of the O6MeG·C complexes, substituting Mn 2+ for Mg 2+ induces only a modest conformational change such as binding of the catalytic metal ion ( Figure 5D ). On the contrary, substituting Mn 2+ for Mg 2+ in the O6MeG·T ternary complex induces an open-to-closed conformational transition of protein, staggered-to-coplanar conformational change of base pair, and the completion of the coordination spheres of two metal ions. The difference in the degree of conformational change among the O6MeG complexes indicates that the substitution of the active-site metal ion has a greater effect on the O6MeG·T ternary complexes than the O6MeG·C ternary complexes, which is consistent with our kinetic studies showing that substituting Mn 2+ for Mg 2+ increases insertion efficiency for dTTP and dCTP opposite O6MeG by ∼10-fold and ∼2-fold, respectively ( Table 1) .
The analysis of the crystallographic thermal B-factors of the active sites of the O6MeG ternary structures and published A· U−Mg 2+ ternary structure also provides insights into the observed kinetic differences (Figure 7) . The crystallographic temperature factors have been used to analyze the active sites of various enzymes 48 including polβ. 34, 49 The B-factors analysis of the active sites of published polβ ternary structures shows that the nascent and the primer terminus base pairs of ternary complex with a matched base pair (e.g., A·U (PDB ID 2FMS, 2.0 Å resolution), 41a A·T (3LK9, 2.5 Å), 41b G·C (2FMP, 1.7 Å), 41a oxoG·C (1MQ3, 2.8 Å) 34 ) are ordered with an average B-factor range of ∼20−30 Å 2 , while those of ternary complex with a mismatched base pair (e.g., C·A (3C2L, 2.6 Å), 42 G·A (3C2M, 2.2 Å), 42 G·A (4LVS, 2.0 Å) 55 ) are disordered with an average B-factor range of ∼40−60 Å 2 , suggesting that the low mobility of the nascent and the primer terminus base pairs is preferred for the formation of a catalytically optimal conformation. In the case of our O6MeG·C/T−Mg Table 2 ), implying that the active site of the O6MeG·T−Mg 2+ complex is more ordered and thus more favorable for catalysis than that of the O6MeG·C−Mg 2+ complex, which is consistent with the observed higher efficiency for dTTP insertion than dCTP insertion opposite O6MeG (Table 1 ). The B-factors analysis also indicates that the templating O6MeG and the catalytic metal ion of the O6MeG·T−Mn 2+ complex are more resolved than those of the O6MeG·C−Mn 2+ complex ( Figures 7C and  7D ), which would attribute to the higher insertion efficiency for dTTP over dCTP opposite O6MeG. Interestingly, whereas the O6MeG·T−Mn 2+ complex and published A·U−Mg 2+ complex are structurally very similar, the catalytic metal ion in the O6MeG·T−Mn 2+ complex is more fluctuating than that in the A·U−Mg 2+ complex ( Figures 7D and 7E) , which partially explains ∼30-fold lower insertion efficiency for the O6MeG·T− Mn 2+ complex than that for the G·C−Mg 2+ complex (Table 1 ). The structural differences between the O6MeG·T−Mn 2+ and the O6MeG·C−Mn 2+ complexes strongly indicate that the O6MeG·T complex has higher accessibility to the catalytically competent state than the O6MeG·C complex, which is consistent with the preferential insertion of T over C opposite O6MeG by polβ. The O6MeG·T−Mn 2+ ternary structure is consistent with the ∼100-fold higher insertion efficiency for T over C opposite O6MeG in the presence of Mn 2+ (Table 1) . We conclude that the O6MeG·T−Mn 2+ ternary structure represents a precatalytic state competent for nucleotidyl transfer. 47 
■ DISCUSSION
Our structural studies provide important insights into the slow, yet highly promutagenic replication across O6MeG by polβ. 14, 15 The O6MeG·C/T−Mg 2+ ternary structures with the open protein conformation, staggered base pair, and one active-site metal ion suggest that polβ slows nucleotide incorporation opposite O6MeG by inducing an altered conformation incompetent for catalysis. The striking conformational difference between the O6MeG·T−Mn 2+ ternary complex (a closed protein conformation and coplanar Watson−Crick-mode base pair) and the O6MeG·C−Mn these, our studies provide insights into the replication fidelity mechanism of polβ. Polβ Discriminates O6MeG·T against O6MeG·C in the Nascent Base-Pair Binding Pocket. Our O6MeG·C/T− Mn 2+ ternary structures indicate that polβ allows coplanar O6MeG·T, but not coplanar O6MeG·C, in the enzyme active site, thereby promoting the mutagenic replication across O6MeG (Figure 8 ). These structures also indicate that polβ allows only a Watson−Crick-mode base pair in the nascent base-pair binding pocket, and strongly discourages nonWatson−Crick-mode base pairs (e.g., wobble O6MeG·C, one H-bonded O6MeG·T; Figure 1 ) in the binding pocket.
As described above, the O6MeG·T−Mn 2+ ternary structure shows coplanar Watson−Crick-like base pair and a closed protein conformation (Figure 8D ), whereas the O6MeG·C− Mn 2+ ternary structure shows staggered base pair and an open protein conformation ( Figure 8B ). Published polβ ternary structures with correct insertion show coplanar base pair and a closed protein conformation, whereas structures with base pair mismatch (e.g., T·C, A·C) show a staggered base pair and an intermediate protein conformation. Our O6MeG·T−Mn 2+ ternary structure, which represents the first polβ mismatched ternary structure with coplanar base pair and a closed protein conformation, thus suggests that the closed polβ conformation is allowed only when a base pair can form coplanar Watson− Crick-type pairing in the enzyme active site. Whereas O6MeG· T can form two H-bonds via pseudo-Watson−Crick base pairing, O6MeG·C cannot readily form Watson−Crick-like pairing at physiological pH (Figure 1 ). Polβ appears to suppress the formation of coplanar O6MeG·C base pair in the nascent base-pair binding pocket, 47, 50 which is in contrast with a high fidelity DNA polymerase BF that allows relaxed isosteric Watson−Crick-mode for both O6MeG·C and O6MeG·T in its active site (Figure S4 in SI) . The difference in O6MeG·C/T base pairing modes in the polβ and BF structures may result from more strict base-pair geometry constraints of polβ relative to those of BF; duplex DNAs in the active site of polβ and BF have been shown to adopt B-form and A-form, respectively. 16, 30 In addition, X-ray structures of BF with A·C mismatch have shown that BF induces Watson−Crick dATP·dC base pair in the presence of Mn 2+ , 30 which is in contrast to polβ inducing staggered dATP·dC base pair in the presence of Mn 2+ . 51 All together, polβ appears to be highly efficient at discriminating between Watson−Crick and non-Watson−Crick-mode base pairs in the binding step, allowing Watson−Crick-mode O6MeG·T base pair, but not wobble O6MeG·C base pair, in the nascent base-pair binding pocket.
Implications First, these structures indicate that binding of the nucleotidebinding metal ion occurs prior to that of the catalytic metal ion, which is consistent with kinetic studies 43, 53 that indicate a fast nucleotide-binding metal ion followed by a slow catalytic-ioninduced conformational transition. Second, our results illustrate that binding of an incoming nucleotide is not sufficient to trigger the open-to-closed conformational transition (A and C of Figure 8 ). 16 Third, the structural differences between the O6MeG·T−Mg 2+ ternary structure (an open protein conformation and the nucleotide-binding metal ion) and the O6MeG·T−Mn 2+ ternary structure (a closed protein conformation and the two metal ions) suggest that binding of the catalytic metal ion is important for the open-to-closed conformational activation. Lastly, the observation of the open protein conformation for both O6MeG·C/T−Mg 2+ structures implies that the formation of the closed protein conformation is discouraged when a base pair does not adopt a coplanar Watson−Crick geometry in the enzyme active site, 34, 54 which could provide a kinetic checkpoint prior to catalysis.
The observation of the polβ ternary complexes with an open protein conformation and base pair mismatch supports an induced-fit mechanism, 35 whereas a closed protein conformation, which is the optimal conformation for nucleotidyl transfer reaction, is readily accessible for correct insertion but not for incorrect insertion. The open protein conformation would also facilitate diffusion of an incorrect nucleotide from the active site and thus lower binding affinity of the incorrect nucleotide, which will enhance replication fidelity of the enzyme. 55 Polβ May Utilize Coordination State of the Catalytic Metal Ion As a Kinetic Checkpoint to Prevent Misincorporation. Large variation in the catalytic metal-ion coordination state among our O6MeG·C/T−Mg 2+ and O6MeG·C/T−Mn 2+ ternary structures and previous polβ ternary structures 35, 43, 55 suggests that polβ utilizes the catalytic metal-ion coordination to deter nucleotide misincorporation ( Figure S5 in SI) . The coordination state of the catalytic metal ion appears to greatly affect conformations of polβ−DNA complexes. In polβ ternary structures with correct insertion, the catalytic metal ion is typically coordinated to three Asp residues, Pα oxygen of incoming nucleotide, and the 3′-OH of primer terminus. These matched ternary structures adopt a closed protein conformation and coplanar base pair. In published polβ−Mn 2+ ternary structures with C·A and A·G mismatches, 42 2+ ternary structure shows completion of the coordination sphere of the catalytic metal ion, and adopts the closed protein conformation and coplanar base pair. Taken together, the observed large variation in the catalytic metal-ion coordination state among polβ structures suggests that the coordination state of the catalytic metal ion dictates the conformation of the polβ−DNA complex, that the completion of the coordination sphere of the catalytic metal ion is crucial for the conformational activation of the enzyme, 43, 52, 56 and that the completion of the catalytic metal-ion coordination is achieved in the presence of only Watson−Crick-mode base pair in the nascent base-pair binding pocket. The observation of only the nucleotide-binding metal ion in the O6MeG·C/T− Mg 2+ ternary structures with an open protein conformation supports that polβ deters the coordination of the catalytic metal ion for non-Watson−Crick base pair. We conclude that polβ may use the catalytic metal-ion coordination as a kinetic checkpoint to increase its replication fidelity.
Implication of the O6MeG·T−Mn 2+ Ternary Complex with Pseudo-Watson−Crick Base Pair and a Closed Protein Conformation. The O6MeG·T−Mn 2+ ternary structure represents the first polβ structure with coplanar mismatched base pair, which is in contrast to published mismatched polβ structures with staggered base pair. The observation of the coplanar mismatched O6MeG·T base pair in the nascent base pair binding pocket suggests that some mismatched base pairs, for example G·T base pair which comprises 60% of the base substitution mutations produced by polβ, 57 could also form the similar coplanar conformation during DNA replication by polβ, and that mismatched base pairs with coplanar conformation would be preferentially formed over mismatched base pairs with staggered conformation during polβ catalysis.
The O6MeG·T−Mn 2+ ternary structure also represents the first structure of pseudo-Watson−Crick O6MeG·T base pair formed in the nascent base-pair binding pocket of a DNA polymerase. Whereas the pseudo-Watson−Crick O6MeG·T base pair has been observed in an X-ray structure of duplex DNA, 29 NMR studies have indicated the formation of one Hbonded O6MeG·T base pair rather than the two H-bonded pseudo-Watson−Crick base pair (Figure 1) . 26, 28 In the nascent base-pair binding pocket of BF, O6MeG·T forms an isosteric Watson−Crick O6MeG·T base pair ( Figure S4 in SI) . 30 Our observation of pseudo-Watson−Crick O6MeG·T suggests that some DNA polymerases with the base-pair geometry constraints similar to those of polβ, for example polλ, may also induce pseudo-Watson−Crick O6MeG·T base pair conformation during replication across O6MeG. Dpo4, 59 polι, 64 polλ, 65 Escherichia coli DNA polymerase I, 63 and T7 DNA polymerase. 63 Although several DNA polymerase structures with base pair mismatch have been reported, 42, 59, 61 the structural basis for Mn 2+ -promoted replication infidelity of DNA polymerase is poorly understood due in significant part to the scarcity of mismatched DNA polymerase structures with Mg 2+ /Mn 2+ and wild-type active site. For example, Dpo4 structure 59 with T·G mismatch lacks the active-site Mn 2+ , and published polβ structures 42, 55 with mismatch either lack activesite Mg 2+ or have Arg283Lys mutation. 43 BF structures with A· C−Mg 2+ /Mn 2+ lack the primer terminus 3′-OH and the catalytic metal ion. 61 Our polβ structures with Mg for Mg 2+ promotes binding and coordination of the catalytic metal ion during misincorporation. The coordination of the catalytic metal ion in the active site of DNA polymerase has been suggested to lower the pK a of the 3′-OH of primer terminus, 66 place the 3′-OH of primer terminus in an optimal position for in-line nucleophilic attack on the Pα of incoming nucleotide, and promote proton transfer from the 3′-OH of primer terminus to nearby catalytic carboxylate 44,47,67a or water molecule, 67b thereby lowering the activation energy barrier for nucleotidyl transfer and facilating the chemical reaction. 47 The catalytic metal ion may sense the presence of abnormal substrates in the nascent base pair binding pocket and play an important role in deterring nucleotide misincorporation by preventing its proper coordination, 52 ,68 which has been suggested to be the rate-limiting step of the nucleotidyl transfer. 52, 53, 59 DNA polymerases probably utilize the catalytic Mg 2+ , which is highly sensitive to the presence of active-site mutations, base pair mismatch, and suboptimal substrates, 69 to increase substrate specificity and replication fidelity. could stimulate the binding and the subsequent coordination of the catalytic metal ion during nucleotide misincorporation, thereby faciliating the incorporation of otherwise unfavorable substrates and decreasing replication fidelity of DNA polymerase.
■ CONCLUSION
In summary, we have reported the first structures of wild-type polβ ternary complex with an open protein conformation and one active-site metal ion (the O6MeG·C/T−Mg 2+ complex), polβ ternary complex with base pair mismatch and a closed protein conformation (the O6MeG·T−Mn 2+ complex), pseudo-Watson−Crick O6MeG·T base pair formed in the nascent base-pair binding pocket of a DNA polymerase, and a metal-dependent conformational activation of a DNA polymerase. Our studies presented here provide structural basis for the polβ catalysis across the carcinogenic O6MeG lesion. Our results indicate that polβ slows noncomplementary nucleotide incorporation by inducing an alternate conformation suboptimal for chemistry, and that polβ promotes mutagenic replication by allowing Watson−Crick-mode for O6MeG·T, but not for O6MeG·C, in the nascent base-pair binding pocket. Our studies also suggest that polβ increases its replication fidelity by utiziling the catalytic metal-ion coordination state as a kinetic checkpoint prior to catalysis, and that the completion of the catalytic-metal ion coordination is crucial for the opento-closed conformational activation of the enzyme.
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